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Introduction
A continual increase of the number of applications of electrochemistry in modern medical technologies is primarily due to the broader use made of theoretical electrochemical concepts in the functioning of various systems of the human organism. Of note here are the works of Sawyer et al. [1] [2] on electrochemically induced intravascular thrombosis (blood clotting) by introducing anodically polarized metal conductors into damaged blood vessels in order to attract negatively charged blood components to the electrode and stop the hemorrhage. These investigations were continued by Guglielmi, et al. and applied for the treatment of aneurisms [3] [4] [5] [6] .
At the present time, one of the leading applications of electrochemical concepts in medicine is the ideas of Nordenström and his model of homeostasis as a biologically closed electric circuit [7] , in which blood flowing through the blood vessels is treated as a conductor of electrical signals. Vascular walls and other tissues possess electrochemical potentials whose values depend on the state of the tissue (i.e., normal, inflamed, damaged, etc.). Potentials measured with platinum electrodes implanted into the tissue can serve as a source of information about the presence or absence of certain pathological states in the vicinity of the implanted electrode. Based on the above model, Nordenström proposed and realized an electrochemical method of treatment for malignant carcinomas by passing DC current through the affected areas of tissue in order to impose certain potentials upon it [8, 9] .
Another novel medical treatment also has electrochemical basis, viz., detoxification by means of electrochemically controlled hemosorption [10, 11] . In this electrochemical model, the hemosorbent was considered to be a porous electrode immersed in aqueous 0.15 M sodium chloride solution. Based on such an approach, an important conclusion was reached as to the mechanism of interaction between the negatively charged formed elements of blood and the activated carbon hemosorbent. The sign and magnitude of the charge of the hemosorbent surface is determined by its potential. The latter, in turn, depends on the nature of the activated carbon material, since the composition of the electrolyte (blood) remains virtually unchanged.
The electrochemical model of hemosorption has made it possible to find a new approach to identifying new promising materials suitable as potential hemosorbents. This is important, since the requirements towards "good" hemosorbents are quite rigorous and somewhat selfcontradictory: on the one hand, such a material must be indifferent towards blood, while on the other it should maintain high adsorption activity towards the toxicants being removed from blood. By treating the hemosorbent/blood interface as an electrochemical system, authors [10, 11] were able to assert the possibility of controlling the removal of toxicants from blood via polarization of the hemosorbent (which is usually a porous carbon material). An important aspect of this, however, is the mechanism of interaction between the carbon material and the electrolyte (blood), since adsorption on activated carbon may include the occurrence of Faradaic processes. Such processes may occur in cases where the potential of the hemosorbent in blood is comparable to the reduction or oxidation potential of the toxicant.
It is well known that Faradaic processes (especially electrooxidation) can lead to highly undesirable effects in blood. For example, anodic oxidation of proteins leads to their denaturation [12] . At the same time, Frumkin showed [13] that the potential of an electrode depends on the adsorption of organic and inorganic substances on it.
Unfortunately, electrochemical data are rarely given or utilized in carbon adsorption research. For instance, authors of [14] considered the properties of the carbon/electrolyte interface when certain cations are adsorbed; however, while the authors [14] recounted Frumkin's conception of activated carbon as an oxygen electrode, they considered chromene-like groups that generate resonance-stabilized carbonium ions to be the initiators of adsorption activity of carbons [15] .
Thus, consideration of carbon potential may help elucidate the mechanism of adsorption on carbons and reveal the presence or absence of Faradaic processes during it. For this purpose the mathematical expressions given in [16] can be used, which are based on Frumkin's conception of activated carbon as a perfectly polarizable electrode, i.e. an electrode whose state is fully dependent on the amount of electrical charge consumed [13] . The total charge q of a perfectly polarizable electrode is a function of both electrode potential E and the amount Г of adsorbed electrochemically indifferent surface-active substance. Since the measurements are being made in an open circuit, an assumption can be made that the total charge of the carbon q is constant
and therefore its total differential is equal to zero:
In line with [16, 17] , (∂q/∂E) Г = С ∞ , i.e. the capacitance of the electrode at a sufficiently high frequency; and -(∂q/∂Г) E = nF. Therefore:
which can be rearranged as
Isolating n, one would obtain:
Finally, if the assumption is made that the ratio dE/dГ ≈ ∆E/∆Г, i.e., replacing the first derivative of potential with respect to adsorption by the finite ratio of changes in E and Г, the following expression is obtained, from which the effective number of electrons can be estimated:
where n -effective number of electrons needed for the elementary act of adsorption and/or Faradaic process, С ∞ (F) -differential capacitance of the adsorbent, ∆E / V -OCP shift corresponding to a relatively short period of time t, F (= 96500 C mol
) -Faraday's constant, ∆Г / mol -change in the adsorption (Gibbs' surface excess) of the adsorbate during time t. Equation (3) can be used for computations of the effective number of electrons. Thus, the empirical data needed to calculate the value of n are the open-circuit potentials of activated carbon and corresponding values of adsorption. The value of differential capacitance С ∞ = 100 F was used for 1 g of activated carbon according to the data in [18] . An approximation was made that the capacitance С ∞ of the adsorbent is weakly dependent on the electrode potential and Gibbs' adsorption of the adsorbate.
With the above considerations, the effective number of electrons transferred in the elementary act of adsorption process or Faradaic process was chosen as the criterion of suitability of carbon materials for use as hemosorbents: viz., the virtual absence of Faradaic processes points to the suitability of such hemosorbents. The adsorption of certain undissociated organic toxicants and cupric ions was chosen for a model-based investigation of the applicability of the concept of effective charge transfer for hemosorption.
Experimental
An IPC-Pro L potentiostat (Volta Co. Ltd, Russia) was used for measurements of polarization curves; it was also utilized for OCP measurements. A saturated silver/silver chloride electrode was used as the reference electrode in all measurements. Adsorption of acetone and 2-methyl-2-propanol (tert-butanol, TB) was investigated using gas chromatography. An SRI 310C chromatograph (SRI Instruments, USA) with a 1 m HayeSep-D packed column and a catalytic combustion detector, as well as a Shimadzu GC17 chromatograph with a CarboWAX 20M phase, were used. 0.150 M NaCl or 0.200 M Na 2 SO 4 solutions were used as a supporting electrolyte in adsorption and potential measurements of the organic compounds and in measurements of the initial carbon potentials.
Adsorption of organic compounds and cupric ions was investigated on AG-3 activated carbon; the OCP value of the initial sample measured in 0.200 M Na 2 SO 4 was 50 mV (vs. Ag/AgCl). Modification of the AG-3 carbon was carried out according to [10, 11] in the cell shown in Fig. 1 . The granules of initial activated carbon were placed in the anode (1) and cathode (2) chambers separated by perforated discs made from a dielectric material (8) , with the granules subsequently compressed by the current-carrying discs (6) by turning the bolts (7). A peristaltic pump was used to pass an aqueous sodium chloride solution through the assembled cell at a flow rate of 50 mL/min. Carbon was modified galvanostatically with a current of 0.75 A for 10 to 90 min, with subsequent washing of the cathodically and anodically modified carbons to a pH = 7. As a result of the modification, carbons with OCP values in the range between +475 mV and -775 mV (vs. Ag/AgCl) were obtained and used for further experiments. Carbon OCP was measured in a non-flow-through apparatus described in [19] , shown in Fig. 2 . This apparatus was immersed in solution with constant stirring at 100 rpm using a magnetic stirrer. Carbon granules were placed in the cylindrical chamber (3) of the apparatus and compressed against the stainless steel meshes (6,7) by the cover (1). The current-carrying meshes and the reference electrode were connected to the potentiostat, and the time dependence of OCP values was recorded. Since the surface area of the carbon is 1000 m 2 /g, while the surface area of the steel mesh is on the order of 10 -4 -10 -5 m 2 , the potential measured is that of the carbon and not of the current-carrying steel.
Cyclic voltammetry was used to obtain a potentiodynamic charging curve for computation of differential capacitance of AG-3 activated carbon. A single granule of AG-3 carbon was placed in a three-electrode cell. Thermally expanded graphite was used as the current collector and the auxiliary electrode. The cyclic voltammogram was collected at a scan rate of 0.5 mV/s in the range between -800 mV and +600 mV.
Results and Discussion
As noted above, carbon modification in the present work was performed according to the method previously developed in [10, 11] . It was shown in [11] that anodic and cathodic treatment of carbon led to significant changes in the composition of its surface functional groups ( Table 1) .
As seen from the data shown in Table 1 , cathodic treatment of activated carbon drastically reduced the amount of acidic functional groups on carbon surface, while anodic treatment increases their amount. This trend is observed regardless of the acidity of the electrolyte used for modification. Thus, cathodic treatment results in the reduction of oxygenated surface functional groups, while anodic treatment leads to the oxidation of carbon atoms.
OCP data for unmodified and electrochemically modified AG-3 carbon samples during contact with solutions of acetone (in 0.150 M NaCl) and TB (in 0.20 М Na 2 SO 4 ) were obtained as a time dependence, with corresponding concentration changes of the organic compounds in solution. A typical graph of OCP and adsorption, calculated from chromatographic data, is shown in Fig. 3 (for TB on unmodified AG-3); similar dependences were obtained for all other samples. Zero adsorption corresponds to the initial potential of AG-3 in the experiment in the investigated solution. 
Differential Capacitance
The differential capacitance of the AG-3 activated carbon was computed based on the potentiodynamic data. An 8.0 mg carbon sample was used, and potentials were scanned in the range between -700 mV and +500 mV at a scan rate of 0.5 mV/s. The resulting dependence of potential on differential capacitance is shown in Fig. 4 .
A minimum at C min = 78.7 F per gram and a maximum at C max = 121 F per gram were observed. The average value of differential capacitance from the calculated results was C avg = 95.4 F per gram of carbon, which closely matches the literature data [18] . Thus, the value of capacitance С ∞ = 100 F per gram of carbon was used in all further computations. 
Adsorption of Organic Molecules
Based on the final OCP and adsorption values for unmodified and electrochemically modified AG-3 carbon samples, effective numbers of electrons were calculated for acetone and TB adsorption. The results are summarized in Tables 2-3 . It should be noted that these calculations reflect the integral character of effective charge transfer in the range from E initial to E final . Calculated values for the effective number of electrons in the course of adsorption of organic molecules on AG-3 carbon were quite small (0.0084 to 0.046). This may indicate that Faradaic processes do not contribute significantly to the adsorption process of these substances. Importantly, adsorption of all of these compounds on AG-3 carbon is accompanied by a positive shift in carbon OCP, which points to an electrochemical mechanism of adsorption (since changes in an electrochemical parameter are observed).
Adsorption of Cupric Ions
Similar adsorption experiments were performed on AG-3 carbon samples in aqueous CuSO 4 . The most important results of these experiments are summarized in Table 4 . A typical time dependence of the OCP and concentration (for unmodified AG-3) is shown in Fig. 5. Fig. 6 shows the dependence of the "local" effective number of electrons (calculated between data points) on potential in the course of the experiment described in Fig. 6 . Discrete values of (E, n) correspond to the elapsed time, as shown next to each point in the figure. It can be seen from Fig. 6 that the process of adsorption reaches equilibrium after about 30 min, as the "local" effective number of electrons transferred reaches zero (within the precision of the experimental data). For initial carbon potentials in the range between -775 and -470 mV (vs. Ag/AgCl), the data obtained (Table 4 and metals are known to deposit onto carbons [20] , the literature does not relate this to the OCP of carbon.)
Probability of One-Electron Copper Reduction
Importantly, one should consider the probability of the one-electron reduction process in the course of adsorption (as a competing process, with possible further transformation of Cu + ):
The determination of Cu + in solution is rather difficult, since it quickly disproportionates in solution:
In electrolytic refining of copper [21] as suggested by [22] [23] [24] [25] [26] , it would be difficult to detect it at an additional electrode removed from the vicinity of the carbon surface. Thus, it is not possible to elucidate the involvement of Cu + in the investigated processes. However, regardless of mechanistic details, Faradaic reduction of Cu 2+ to metallic Cu 0 undoubtedly occurs in the above experiments; this is also corroborated by the calculated values of n.
Conclusions
Thus, experimental data on the effective number of electrons unequivocally confirm an electrochemical mechanism of hemosorption. All effective numbers of electrons were calculated assuming that the electric double layer capacitance remained constant despite significant potential changes of the carbon. For the model processes of acetone and TB adsorption it was shown that the adsorption of an organic toxicant on AG-3 activated carbon took place virtually without any electron transfer, i.e. Faradaic processes did not occur, while the carbon potential did change in the course of adsorption. The interaction of copper cations with the surface of activated carbon depended on carbon potential: for potentials more negative than -470 mV (vs. Ag/AgCl), the two-electron Faradaic process of copper deposition Cu 2+ +2e -→ Cu 0 occurred, as reflected by calculated values of the effective number of electrons.
Therefore, it is possible to determine the mechanism of adsorbate interaction with an activated carbon hemosorbent by performing open-circuit potential and adsorption measurements. The effective number of electrons can be calculated and utilized as a criterion of hemosorbent suitability, since it allows the detection of Faradaic processes between the hemosorbent and adsorbate. It is important that the phenomenon of partial transfer of charge allows working hemosorbens to be reclassified according to their electric effectiveness.
